The European Union (EU) aims at increasing the share of renewable energy use, of which nearly half originates from wood sources currently. An energy supply from wood sources strongly relies on green water resources, which are limited and also essential for food security and terrestrial biodiversity. We have estimated the water footprint (WF) of wood for energy consumed in the EU-28 (WF wec ) by combining data on energy produced from wood sources in the EU per member state for the year 2015 from the EU energy reference scenario 2016, extra-EU trade in fuelwood and charcoal, and country-specific estimates of the water footprint per unit of wood. We find that the WF wec is large (156 × 10 9 m 3 /y), 94% of this footprint is situated within the EU, and it is almost exclusively related to green water (99%). Adding WF wec to the WF related to the EU's consumption of agricultural and industrial products as well as domestic water use (702 × 10 9 m 3 /y) signifies an increase of 22% to 858 × 10 9 m 3 /y. We show that over half of the internal WF wec is in member states that have a high degree of green water scarcity and hence very limited potential left to sustainably allocate more green water flows to biomass production. The results of this study feed into the debate on how the EU can achieve a sustainable and reliable energy supply. Policies on energy security should consider that increased use of wood or other biomass for energy increases the already significant pressure on limited green water resources.
Introduction
To ensure energy security, the discussion around wood for energy takes center stage. The main goals of the European Union (EU) energy policies are to reduce fuel import dependency, energy consumption, and carbon emissions and to decouple energy costs from oil prices. In a strive for a low-carbon economy and improved energy security, the EU aims at increasing the share of renewable energy in final energy consumption from 17% in 2016 to 20% by 2020 [1] . The 2030 climate and energy framework includes the key target to achieve a share for renewable energy of at least 27% [2] . Although these targets on renewables do not identify specific targets on biomass, a growth in biomass use for energy is foreseen. The 2050 long-term strategy, presented by the European Commission on 28 November 2018, calls for a climate-neutral Europe by 2050 [3] . In the related in-depth analysis, it is concluded that all scenarios rely on a substantial use of biomass for energy, which grows from 140 Mtoe in 2016 to about 190-250 Mtoe in 2050, through a slight increase in the use of wood for energy, while assuming much of the biomass demand for energy can be met through improved waste collection and fast growing energy crops [4] . charcoal [46] , and country-specific estimates of the WF per unit of wood [16] . We subsequently put the green WF of wood for energy consumed in the EU in the context of green water scarcity, which to our knowledge has never been done before.
Materials and Methods
The WF of wood for energy consumed in the EU-28 (WF wec , in m 3 per year) consists of an internal part (WF wec,int )-related to the wood produced for energy purposes in the EU minus the export of energy wood products to countries outside the EU-and an external part (WF wec,ext )-related to the import of energy wood products from countries outside the EU. WF wec has been estimated according to the following equation:
(1) where P[m] is the wood produced for energy purposes in member state m in m 3 solid wood equivalent (SWE), E[m] is the extra-EU export of energy wood products from member state m in m 3 SWE, WF swe [m] is the WF of wood production in member state m in m 3 water per m 3 SWE, I[n] is the import of energy wood products from extra-EU country n in m 3 of primary raw timber equivalents, and WF rt [n] is the WF of wood production in country n in m 3 water per m 3 of raw timber.
Data on wood produced for energy purposes in the EU member states in the year 2015 has been obtained from the EU energy reference scenario [45] . Trade in fuelwood and charcoal in 2015 has been taken from EUROSTAT [46] . The WF per unit of wood per member state has been derived from Schyns, et al. [16] for the most recent ten-year period available (2001-2010). Schyns, et al. [16] have estimated forest evapotranspiration at 30 × 30 arc minute and attributed part of that to wood production and the rest to ecosystem services. We correct their data to include bark, which is an important source of wood for energy. In averaging the data per member state, we assumed that the production of wood for energy has the same spatial distribution as overall wood production due to the lack of more specific data. We needed to convert the data from these sources to the appropriate units for Equation (1) (see Table 1 ). Additionally, to estimate the WF of wood per unit of energy, we expressed the data on wood production for energy purposes (reported in ktoe) in TJ, and we converted trade data on fuelwood and charcoal (reported in kg) to TJ based on the higher heating value of fuelwood (17,500 kJ/kg from UNECE/FAO [47] ) and charcoal (29,600 kJ/kg from Speight [48] ).
We place the WF of wood for energy consumed in the EU in the context of green water scarcity per member state, which reflects the sustainable limits to the allocation of green water for the production of biomass [27] . Schyns, et al. [27] have estimated green water scarcity per country-in a complementary way to common blue water scarcity indicators-as the ratio of the national aggregate green WF to the national aggregate maximum sustainable green WF. They estimated green WFs of crop production, livestock grazing, wood production, and urban areas at a 5 × 5 arc minute grid cell spatial resolution. To estimate maximum sustainable green WFs (at the same resolution), they subtracted the green water flow to be reserved for nature from the total available green water flow [49] . Therein, they used a spatially-explicit map of biodiversity conservation areas to effectively achieve the Aichi Biodiversity Target 11 [50] , which entails expanding the protected area network to at least 17% of the terrestrial world by 2020. Adjusted for bark using conversion factors for coniferous and non-coniferous fuelwood [47] .
Results
The WF of wood for energy consumed (WF wec ) in the EU is 156 × 10 9 m 3 /y (99% green; 1% blue). The largest share of this WF is within the EU member states (94%), with over half being situated in Sweden, Finland, Poland, Germany, and Austria (Table 2 ). These countries also represent the top 5 in terms of energy use from wood (Table 2 ; [45] ). Only a small share (5.9%) of WF wec is related to the import of energy wood products into the EU, which originate mainly from the US, Russia, Canada, and Belarus. According to Vanham and Bidoglio [52] and Vanham [53] , the blue plus green WF of consumption of agricultural and industrial products as well as domestic water use, amounts to 702 × 10 9 m 3 /y. Adding the WF of wood for energy consumed results in a WF of 858 × 10 9 m 3 /y (increase of 22%).
Given that 94% of the WF wec is in the EU and 99% relates to green water, we have focused on identifying green water-related risks to wood production within the EU only. The level of green water scarcity-the ratio of the actual to the maximum sustainable green WF [26] -is approaching or even exceeding 100% in many member states ( Table 2 ), meaning that the potential to sustainably allocate more green water flows to produce biomass is very limited [27] . Over half of WF wec,int (57%) is in member states that have less than 20% of sustainably available green water flows left to potentially allocate for biomass production. Furthermore, 18% of WF wec,int is in member states where the green WF already exceeds the maximum sustainable level (Netherlands, Germany, Denmark, UK, Belgium, Greece, Czech Republic, and Portugal), meaning that sustainably available green water flows in these countries are mostly or fully allocated to human activities, occasionally at the cost of green water flows earmarked for nature [27] .
The WF of wood per unit of energy produced varies around an average of 59 m 3 /GJ (Figure 1 ). Some countries stand out with a relatively small or large WF per unit of energy. These differences mainly originate from the WF per unit of solid wood equivalent as estimated by Schyns, et al. [16] (see Appendix A, Table A1 ). They estimated total forest water use and subsequently allocated a fraction of that to wood production and the rest to other forest ecosystem services. This allocation has been done based on a value fraction, which is defined as the value of wood production divided by the total value of forest ecosystem services, and varies with the intensity of forest exploitation (for details see [16] ). The value fraction is much smaller in (sub)tropical forest than in temperate/boreal forests because the former generate more ecosystem service value per hectare [54] . This explains the relatively small WFs in Greece, Spain, and Portugal, which host Mediterranean (subtropical) forests. Variation in the WF per unit of wood across the other member states is the result of varying forest water use-depending on actual evapotranspiration rates, which are governed by rainfall and potential evapotranspiration-and wood yields (Table A1) . Wood yields have two counteracting effects on the WF per unit of wood. Larger wood yields reduce the total forest water use per unit of wood but increase the fraction of total forest water use allocated to wood production through the increasing intensity fraction (i.e., the ratio of the actual to the maximum sustainable wood yield). The overall effect on the WF per unit of wood can be either positive or negative depending on several factors as described in detail by Schyns, et al. [16] . In Ireland and France, the value fraction is relatively small owing to a rather low intensity fraction (Table A1) , resulting in a small WFs per unit of wood compared to some other member states. In Slovakia, Belgium, and the Netherlands, high wood yields lead to small WFs per unit of wood. In the UK and Slovenia, forest water use is on the high side of the spectrum, while this is not being compensated by high wood yields. increasing intensity fraction (i.e., the ratio of the actual to the maximum sustainable wood yield). The overall effect on the WF per unit of wood can be either positive or negative depending on several factors as described in detail by Schyns, et al. [16] . In Ireland and France, the value fraction is relatively small owing to a rather low intensity fraction (Table A1) , resulting in a small WFs per unit of wood compared to some other member states. In Slovakia, Belgium, and the Netherlands, high wood yields lead to small WFs per unit of wood. In the UK and Slovenia, forest water use is on the high side of the spectrum, while this is not being compensated by high wood yields. 
Discussion
The estimated WF of wood for energy consumed in the EU (WF wec ) is inherent to uncertainties in the data on energy use from wood sources according to the EU energy reference scenario, the WF per unit of wood, and the underlying forestry statistics. The EU energy reference scenario is the result of a suite of interlinked models, which are calibrated by EUROSTAT statistics. Although subject to uncertainties, the scenario has been crosschecked and validated by the EU member states. Uncertainties in the WF per unit of wood arise mainly from data on the forest area used for wood harvesting and the value of ecosystem services (for details see [16] ). Inconsistencies and uncertainties in forestry production and trade statistics, as well as recommendations for improvement, have been elaborately discussed by others [38, 55] . Interpretation of our results should be mindful of the described uncertainties.
We can roughly compare our estimate of the WF of wood for energy consumed in the EU for 2015 and the European WF of energy produced from firewood for 2008-2012 as estimated by Mekonnen, et al. [18] . Both estimates pertain to the consumptive WF but differ somewhat in the countries and years considered. The WF per unit of energy is rather comparable being 59 m 3 /GJ (ranging from 5.5 to 122 m 3 /GJ) in our study and 67 m 3 /GJ (obtained from 33 × 10 9 m 3 /y/ 494 × 10 6 GJ/y) in theirs. However, in total volumetric terms, we find that our estimate (156 × 10 9 m 3 /y) is about five times larger than theirs (33 × 10 9 m 3 /y), the difference originating from the data on energy produced from wood sources, which is also roughly five times larger in our study (2643 PJ/y, see Table 2 ) compared to the input data used by Mekonnen, et al. [18] (493 PJ/y).
Compared to other energy sources like fossil fuels, nuclear energy, or certain renewables [18] , the WF of wood is extremely large. We have estimated the WF of wood for energy in the EU to be in the range of 5.5 to 122 m 3 /GJ. This is in the same order of magnitude as the WF of bioenergy from crops [43] and of hydropower [56] but is much larger than the WF of energy from other sources (nuclear, oil, coal and lignite, geothermal, natural gas, solar, and wind), which all are less than 1 m 3 /GJ [18] . These differences indicate possibilities to reduce the overall WF of the EU energy consumption by changing the energy mix. Assessing natural resource use and emissions associated with different energy mixes through a range of footprint indicators [57, 58] remains a topic of further research.
Generally, three sources of wood are distinguished [59] : primary wood harvests and logging residues, secondary wood fibres in the form of residues and by-products of industrial wood processing, and post-consumer wood. In 2013, total woody biomass use for energy in the EU was 63% from primary sources, 32% from secondary sources, and 5% from post-consumer sources [59] . In this study, we assumed all wood for energy comes from newly grown biomass-either directly from the forest or indirectly as a by-product of industrial wood processing-thus neglecting the minor contribution of post-consumer wood, which has zero WF because no new material has been grown. The use of forest residues and secondary wood sources for energy may be more sustainable than using valuable stemwood, but these wood streams are nearly all utilized [10] and the wood-based panel and pulp industries also compete over these wood sources [59] . Furthermore, retrieving more forest residues is costly and comes with negative environmental effects related to the extraction of nutrients and deadwood [60] . According to Dammer, et al. [61] , burning wood for energy can only be considered wise at the end of the cascade after the wood has been used, recycled, and reused as a material as long as possible before ultimately being used as an energy source.
We have discussed the use of wood for energy in the context of the appropriation of limited green water resources. As argued in the introduction, an energy supply from wood sources is also prone to the risk of (drought-induced) forest fires, which can wipe out production. About 16% of the total energy produced from wood sources is in member states where the historically maximum burnt area is larger than 1.5% of the total forest and woodland area (Portugal, Greece, Croatia, Italy, Spain, and Bulgaria) (see Appendix A, Table A1 ). Particularly in Portugal the forest fire risk based on historic observations is high, with reported burnt areas up to 8.7% of the total forest and woodland area.
Conclusions
We have estimated the WF of wood for energy consumed in the EU-28 (WF wec ) and placed the green WF wec in the context of green water scarcity. The WF wec is very large (156 × 10 9 m 3 /y) and adds significantly (22%) to the WF related to the EU's consumption of agricultural and industrial products as well as domestic water use. WF wec is 94% situated within the EU and almost exclusively related to green water (99%). We show that over half of the internal WF wec is in member states that have very limited potential left to sustainably allocate more green water flows to biomass production. Policies on energy security should consider that the increased use of wood or other biomass for energy increases the already significant pressure on limited green water resources. 
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